Data from flights by the South Dakota School of Mines and Technology's North American T-28 storm-penetrating aircraft during nine different research projects conducted between 1991 and 2003 are analyzed. These flights, usually flown during the summer months in the central and high plains in the United States, targeted regions of convective storms containing vigorous updrafts, downdrafts, and precipitation, including hail. Observations indicate that three of the most hazardous components of flying in summertime deep convective clouds are aircraft icing, turbulence from strong vertical wind gradients, and hail. There is also a smaller, but still important, threat from lightning. Statistics of the observations show that at any given time there is approximately a 10% probability of encountering severe icing conditions, approximately a 0.1% probability of encountering extreme turbulence, and approximately a 0.2% probability of encountering hail with mean diameter 2.5 cm or greater within convective clouds in the 4-7 km mean sea level altitude range. The purpose of this study is to analyze the convective environments under which these hazards occur in order to provide reference and/or guidance for conditions that might be encountered within summertime convective clouds by aircraft.
I. Introduction I
T IS very well known that deep convective clouds can pose a serious threat to any aircraft that flies through them due to the various atmospheric hazards they often contain. It has long been standard practice for military, commercial, and private aircraft to avoid flying through thunderstorms whenever possible. The Federal Aviation Administration (FAA) advisory circular 00-24B states that aircraft should avoid any severe thunderstorm by at least 20 n miles when possible [1] . However, a few individuals have made it their priority to fly through such harsh atmospheric environments in the name of science.
For more than 30 years, researchers at the South Dakota School of Mines and Technology (SDSM&T) operated a North American T-28 Trojan aircraft modified with armor plating and scientific instrumentation designed to obtain microphysical measurements in clouds and storms. These modifications allowed the T-28 storm-penetrating aircraft to fly through and obtain microphysical observations within deep convective clouds, including severe thunderstorms that produced large hail, severe turbulence, extreme icing conditions, and lightning [2] . The T-28 flew research missions from 1972 to 2004 after which it was retired from service. During its 32 years in service as a storm-penetrating aircraft the T-28 conducted nearly 300 research flights, logging more than 1200 h in the air, and making more than 1700 cloud penetrations. As a result of this effort, more than 75 scientific publications can be directly attributed to activities involving the T-28 [3] .
The purpose of this study is to provide a statistical analysis of conditions encountered during research flights flown using the T-28 with a focus on only the last 13 years of flights due to the unavailability of digitally archived data for field campaigns flown prior to 1991. Major field campaigns for which digital data are available include the Convection and Precipitation/Electrification Experiment (CaPE), the Real-Time Analysis and Prediction of Storms Project, North Dakota Tracer Experiment (NDTE), the Verification of Rotation in Tornadoes Experiment, the Turbulence Characterization and Detection Program, the Severe Thunderstorm Electrification and Precipitation Study (STEPS), the Joint Polarization Experiment (JPOLE), and the Thunderstorm Electrification and Lightning Experiment (TELEX). Data also are available from several smaller studies. Each project involved from a half dozen to two dozen research flights, and each flight typically included 30 to 45 min of cloud penetrations [4] .
There is limited information available about the physical conditions within deep convective clouds because most aircraft avoid these areas. The information presented in this study addresses this issue by comparing subjective intensities of turbulence, icing, and hail provided in FAA manuals and circulars to quantitative in situ meteorological data obtained by the T-28. It is also shown where within storms the occurrences of these extreme conditions are most probable with specific examples from T-28 cloud penetrations where applicable.
II. Aircraft Description
The platform shown in Fig. 1 used to carry out all flights was the modified North American T-28 Trojan storm-penetrating aircraft operated and maintained by the Institute of Atmospheric Sciences (IAS) at SDSM&T. The T-28 acquired by the IAS was modified for the specific purpose of studying the interior of hailstorms. The original concept of having an aircraft available to the atmospheric sciences community with the capability of safely penetrating hailstorms was introduced in 1966 during a multi-agency effort to study hailstorms entitled "Project Hailswath." There it was suggested that to further understand hail formation mechanisms physical observations from within hailstorms were needed [5] . At the time, there were no aircraft capable of safely making such measurements. This discussion led to a successful proposal to the National Science Foundation and ultimately to the acquisition and modification of the T-28.
The T-28 was retrofitted with 318 kg (700 lb) of heat-treated aluminum armor plating to protect the leading edges of the airframe and other susceptible surfaces from damage due to hail. These surfaces were tested to withstand hail with diameters up to 7.62 cm at cloud penetration velocities of about 100 m∕s. However, not all of the externally-mounted scientific instrumentation was designed to handle impacts from hail that large. So, to prevent damage to the instrumentation, as well as to further avoid any possibility of damage to the aircraft itself, regions of thunderstorms where the radar reflectivity exceeded 55 dBZ at or above the aircraft altitude were avoided to the extent possible. This threshold was based in part on the findings in [6] , which suggested that this reflectivity limit should reduce the estimated maximum hail size that would be encountered to about 2.5 cm in diameter.
Other protective systems used on the aircraft included an alcohol deicing system for the propeller and engine carburetor to allow the engine to attain full power in icing conditions, extra metal framework in the canopy, and lightning rods and static dischargers to dissipate the current from direct lightning strikes to the aircraft and inhibit charge buildup on the aircraft due to collisions with hydrometeors [2] . Metal framework capable of conducting large currents was especially important around the canopy region because a direct strike to a nonconducting canopy could have allowed the lightning to penetrate into the cabin and potentially affect instrumentation, as well as the pilot.
III. Data and Instrumentation
Data for this study were obtained from the T-28 network common data form (NetCDF) flight data files, project reports, T-28 project pilot reports, and flight video from the T-28 digital data archive [7] , as well as original T-28 binary data files available from SDSM&T. The original binary files were used to obtain particle counts from the 15 individual size channels of the optical instrument used to sense small cloud particles, because the NetCDF files do not specifically contain this information. The key variables used and/or calculated from binary and NetCDF T-28 files were the mean cloud droplet diameter, total cloud droplet concentration, cloud liquid water content, turbulence intensity, vertical wind speed, temperature, and mean hail diameter.
Project reports (available for every project up through 1999) were used to gather auxiliary information about the flights and flying conditions [8] [9] [10] [11] [12] . Project reports also provided information on how well the instrumentation was functioning. Transcribed T-28 pilot audio reports and flight videos were used to gather information about icing and turbulence. The videos and pilot reports supplement the project reports and help determine how well the instrumentation functioned. These reports and videos were also vital for documenting the time periods when the aircraft entered and exited clouds.
All of the instrumentation available for sensing hydrometeors within vigorous convective storms encounters difficulties in coping with the environments therein. As we list the T-28 instrumentation we outline the potential effects on the data quality. Cloud droplet information was obtained from a Particle Measuring Systems, (PMS) Inc. forward scattering spectrometer probe (FSSP) model 100 (serial number 1) mounted under the T-28 wing. This probe recorded droplet concentrations and sizes at 1 s intervals. Two of the persistent issues with this particular model of the FSSP are the underrepresentation of the concentration of cloud droplets due to the coincidence of multiple droplets in the sample volume simultaneously and the finite time required to process the data from each droplet passing through the sample volume. During this processing time any other droplet passing through the sample volume is not recorded, leading to "deadtime losses" that are significant when concentrations exceed ∼500 cm −3 . Corrections for this undercounting were made according to techniques developed in the first few years following the introduction of the probe [13, 14] . Other correction procedures have been proposed more recently that may provide better estimates of droplet concentrations in some circumstances. However, through careful investigation it was determined that based on the capabilities of this particular model and serial number of the FSSP the original correction described above is the most accurate and robust correction for this study. It gives a liquid water content accuracy of about 20%.
It has also been found that the FSSP-100 and other FSSP models with a cylinder surrounding the sample volume suffered from data artifacts due to the splashing and shattering of cloud droplets, rain drops, and ice particles off of the leading surfaces of the sensor arms and the cylindrical shield around the sample volume [15] [16] [17] . Because of this issue recorded size distributions, especially those observed in mixed phase and ice clouds, tend to be more broad or "flat" than the actual cloud droplet size distributions. In ice-particlecontaining regions where other cloud water probes would typically indicate little or no liquid water, total FSSP particle concentrations as high as 100∕cm 3 may be recorded. In regions with ice particles and concentrations of liquid water droplets at or close to zero the FSSP may indicate the total liquid water content as high as 0.5 g∕m 3 due to the counting of spurious fragments of ice passing through the sample volume. There is no known published literature that identifies how to correct FSSP-100 data, after they have been collected incloud, for errors due to this splashing/shattering, and as a result no such correction is made to the FSSP data. However, in this study, empirically-determined mean droplet size and concentration were used to identify FSSP records likely contaminated by splashing/ shattering. Records for which the mean droplet size exceeds 25 μm and where the droplet concentration is less than 100∕cm 3 are not included in the results presented below.
Hailstone diameter data were collected using an optical hail spectrometer developed by SDSM&T. The hail spectrometer is capable of measuring and separating particle diameters into 14 size classes ranging from about 4.5 mm to about 4.5 cm average diameter. It detects these large hydrometeors when they shadow a photodiode array illuminated with a laser beam. The individual particle sizing accuracy of the instrument is ∕ − 1 size class for concentrations less than about 100∕cm 3 , and hailstone concentrations seldom, if ever, reach this level. Additional errors can be introduced into measurements when shedding water passes through the sensor beam, although automatic circuitry in the probe is reasonably effective at removing these spurious events [18] . The probe accumulates counts over 1 s intervals, corresponding to a sample volume of 10 m 3 . In this study the mean hail diameter from these 1 s samples is used as a measure of the hail threat to aircraft.
The turbulent eddy dissipation rate, also called turbulent intensity, is available in the archived T-28 NetCDF files. The method used to calculate the turbulent eddy dissipation rate is described in detail in [19] and is based on the power spectrum of high-frequency fluctuations in true airspeed. MacCready [19] provides a suggested magnitude scale relating subjective pilot-reported turbulence categories (light, moderate, heavy, and extreme) to quantitative ranges of turbulent eddy dissipation rate. A comparison is made in Sec. V between dissipation rates observed by the T-28 and pilot subjective reports provided in [19] .
One of the drawbacks of the MacCready method is that the aircraft needs to be in straight and level flight to accurately retrieve eddy dissipation rates from airspeed fluctuations. During ascents, descents, and turns the method is not accurate, and it can yield highly exaggerated turbulent intensities. The exaggerated data are recorded in the T-28 NetCDF files, but data are eliminated from the study where ascending, descending, and roll maneuvers took place.
The updraft speed (vertical wind component) is also available in the T-28 NetCDF files. The method used to make this calculation is described in detail in [20] . It is an inversion of the aircraft equation of motion that yields the vertical wind component required to explain HONOMICHL, DETWILER, AND SMITH the observed vertical motion of the aircraft. The Kopp updraft calculation is accurate to within a few meters per second. The limitations of this calculation are similar to those for turbulence in that the method assumes that the aircraft is flying straight and level and not rolling to either side. Again, data from ascents or descents and roll maneuvers were identified and excluded from the study.
IV. Icing Conditions in the Storms
Icing can be a major hazard to aircraft. Icing of the airframe causes a disruption to the otherwise smooth flow of air across the aircraft's flight surfaces. This leads to increased drag, degraded controllability, and a reduction in the ability of the airfoils to provide lift [21] . Ice accretion on the aircraft also increases weight, although in most cases the effect of the additional weight is negligible compared to the effects of the associated airflow disruption.
The most current update to criteria for reporting inflight icing is given in [22] . These criteria are listed in Table 1 . To put the information in Table 1 into a meteorological perspective Table 2 provides a very basic comparison between subjective categories for pilot-reported icing and the appearance of ice on the wings and airframe [23] . Tables 1 and 2 are compared to T-28 observations in Fig. 2 , which shows an exceedance frequency plot of supercooled liquid water content (SLWC) for all available T-28 storm penetrations above the 0 deg isotherm with blue and red dashed lines indicating moderate (SLWC greater than or equal to 0.5 g∕m 3 ) and severe (SLWC greater than 1.0 g∕m 3 ) icing potential, respectively, from Table 2 . Conditions were favorable for moderate or greater icing potential about 25% of the time spent incloud, and severe icing potential was found for about 10% of the time spent incloud. In many of the instances when the T-28 pilot reported large icing rates, or when large quantities of SLWC were observed in the data, the pilot also reported being in an updraft. Figure 3 shows that this was most likely to happen in the 5-6.5 km pressure altitude range. The figure shows that the probability of encountering higher quantities of SLWC steadily increases until about the 6-6.5 km pressure altitude where it then begins to drop off. It also shows that there is a possibility of encountering moderate and severe icing potential just about anywhere above the 3.3 km pressure altitude in a convective cloud but especially in the 5.7-6.5 km range where the 85th percentile line surpasses the 1.0 g∕m 3 threshold.
Previous studies have suggested that convective updrafts are not always necessarily moist adiabatic (where the SLWC is equal to all of the water vapor in an air parcel entering the base of the cloud that will condense out of this parcel if it reaches the level of sampling without dilution due to the entrainment of cooler, drier air from the cloud environment at higher levels). Nevertheless, large quantities of liquid water can, and do, condense within updrafts [24, 25] . The rate of accumulation is such that deicing/antiicing equipment fails to reduce or control the hazard. Immediate flight diversion is necessary. Fig. 3 Scatterplot of SLWC observations with respect to pressure altitude. The blue dashed lines indicate the SLWC required to be classified as moderate and severe icing potential as per Table 2 . Comparing the icing potentials in Table 2 with the SLWC in Fig. 4 shows that within strong updrafts icing rates can easily exceed the FAA and U.S. Air Force criteria for severe icing. In [2] , T-28 pilots have reported ice accumulation rates as high as 2.5 cm∕ min within active strong updraft cores of convective thunderstorms. For reference, it took the T-28 approximately 65 s to pass all of the way through the updraft in Fig. 4 at a true airspeed of about 100 m∕s.
In addition to total SLWC two other meteorological variables that also influence aircraft icing are the size of the supercooled droplets contacting the airfoils and the temperatures of the surface of the ice deposit. These variables, along with the liquid water content, are important in determining what type of ice will form. A common feature in T-28 cloud observations is a large concentration of smaller droplets (<40 μm) with a relatively low concentration of larger droplets (>40 μm) within a temperature range from −5°C to −10°C. Figure 5 illustrates these observations with a set of composite size distributions for T-28 flights in North Dakota, northeast Colorado, northwest Kansas, and near Norman, Oklahoma during NDTE, STEPS, and JPOLE, respectively. The figure shows cloud droplet distributions for all observations in convective clouds, those in updrafts stronger than 5 m∕s within convective clouds, and those in downdrafts < − 5 m∕s. Figure 5 demonstrates that the highest SLWCs (represented by the area under the blue curves) occur within the updrafts. The mean SLWC in updrafts is approximately two times that of the mean SLWC of all of the regions of convective clouds for each project. The peaks in the blue curves show that the highest contribution to SLWC typically comes from droplets in the 15-30 μm size range. In addition, Fig. 5 shows that the SLWC in downdrafts is lower than that seen for all of the regions of convective clouds, and that the mean droplet diameter is approximately equal to or even slightly larger than what is seen for all convective clouds, likely due to collision and coalescence processes [26] . The values shown here can provide a means of estimating the type of aircraft icing that may occur under these conditions.
In [21] , there are three main types of icing that an aircraft might encounter: rime, clear, and mixed ice. The largest risk of encountering these icing types is found at an ambient temperature range of about 0°C to −15°C, with rime ice commonly formed from smaller supercooled drops (<50 μm) and lower SLWC; clear ice commonly formed from larger supercooled drops (>50 μm) and higher SLWC; and mixed ice being a combination of rime and mixed ice formed in intermediate conditions [27] . Ultimately, the type of ice that will form is determined by the rate of ice accretion, the associated release of the latent heat of freezing, and the size of the impinging droplets.
At a given temperature lower than 0°C there is a range of conditions where droplets will freeze almost instantly to an airfoil, forming low-density rime ice and a range of conditions where the droplets are either completely shed from the airfoil or run along the airfoil for a period of time prior to freezing (commonly referred to as runback), forming high-density clear ice. The threshold SLWC where the transition from one to the other takes place is represented via the Schumann-Ludlam limit [28, 29] . Calculation of the SchumannLudlam limit based on the specific atmospheric conditions encountered by the T-28 and the T-28's aerodynamic characteristics is beyond the scope of this paper. T-28 pilots always reported icing on the aircraft as rime ice. Based on the simplified requirements for icing types given in [21] and the critical SLWC separating rime and clear icing conditions as outlined in [28, 29] these reports are likely accurate in many cases; however, clear and mixed icing are suspected to have occurred under the conditions described in the next two paragraphs, respectively.
Clear icing is most common in freezing rain events where supercooled drizzle and rain drops are more common. The likelihood of encountering a clear icing event in deep convective clouds during the summertime is relatively low, except for perhaps within an updraft near the 0°C isotherm and/or where the SLWC is very high. Rime icing, on the other hand, should be more common in most deep convective clouds when well above the 0°C isotherm, because these clouds typically contain small, supercooled droplets at temperatures as low as −35°C [30, 31] that will freeze rapidly on contact at these temperatures.
Another condition that complicates the issue is aerodynamic heating of the aircraft's surfaces. The T-28 typically conducted its sampling passes at a true airspeed of ∼100 m∕s −1 . At this airspeed the temperature of the leading edges of the aircraft surfaces (total air temperature) is estimated to be about 4°C higher than the static environmental temperature. This will have an effect on how long it takes SLWC to freeze as it contacts the aircraft and under the right conditions could allow for mixed or clear ice where rime would be expected based on the static temperature. Given the temperature range within which the T-28 typically operated (−5°C to −10°C) it is suspected that this sometimes happened, resulting in some form of mixed ice instead of pure rime ice. 
V. Convective Turbulence and Vertical Winds
Nearly all deep convective cloud systems contain hazardous turbulence capable of hampering safe flying and even damaging or destroying an aircraft. Although the strongest turbulence often occurs within shear zones between convective updrafts and downdrafts and in strong microbursts [32] hazardous turbulence can occur anywhere within and even in the surrounding areas and above deep convective clouds [33, 34] .
The Aeronautical Information Manual (AIM) divides turbulence into four categories: "light," "moderate," "heavy," (actually listed as "severe" in AIM but changed to heavy to match [19] ), and "extreme," described in Table 3 . Based on the categories used in [19] color coding has been assigned to each of the categories in Figs. 6-8 in order to make comparisons between the table and figures easier. To put the subjective descriptions of turbulence in Table 3 into a meteorological perspective Fig. 6 , adapted from [19] , offers a suggestion as to how subjective turbulence categories might compare to turbulent intensity and convective strength with different scales based on aircraft speed. For comparative purposes the typical T-28 penetration speed of about 100 m∕s corresponds to 194 kt, so the "175 kt" column most closely represents the conditions for T-28 storm penetrations. In Fig. 6 , green, blue, yellow, and red represent light, moderate, heavy, and extreme turbulence, respectively.
When the information in Fig. 6 is compared to the observed exceedance frequency in Fig. 7 it can be seen that the probability of encountering light turbulence or greater at any given time in a convective cloud would be about 35%. The probability of encountering moderate turbulence or greater would be about 10.5%. The probability of encountering heavy (severe) turbulence would be about 2%, and the probability of encountering extreme turbulence about 0.1%.
Turbulent intensity within storms is typically associated with strong vertical velocity gradients. These gradients are typically strongest during a convective storm's mature stage when both updrafts and downdrafts are of the strongest intensity [35] . Figure 8 shows an example of this taken from a portion of a T-28 flight flown near Norman, Oklahoma on 17 May 1995. The top graph shows the convective updraft velocity, and the bottom graph is the observed turbulent intensity. The coloring denotes the same scales of subjective intensity used in Fig. 6 , where green, blue, yellow, and red represent light, moderate, heavy, and extreme turbulence, respectively. It can be seen that the T-28 flies through a −16 m∕s downdraft just prior to hitting a 20 m∕s updraft. The pilot reported that during this timeframe the aircraft was experiencing moderate and heavy turbulence. Prior to the vertical velocities' increase there is very little turbulence. But, once the aircraft reaches the region of strong updrafts and downdrafts near the core of the thunderstorm, turbulent intensity begins to rapidly increase.
When applying the thresholds in Fig. 6 to the scatterplot of convective turbulence observations plotted relative to the pressure altitude in Fig. 9 it can be seen that the turbulence was generally the strongest in the 4.5-6 km pressure altitude range and especially where the 95th percentile line crosses the heavy turbulence threshold. The figure also shows that light and moderate turbulence occurred pretty regularly at all altitudes in the T-28 altitude range within convective clouds, whereas most of the severe and extreme turbulence was confined to the 4.7-5.7 km pressure altitude range. According to data and pilot reports this altitude range is also where the T-28 usually encountered the strongest updrafts and downdrafts.
VI. Hail in the Storms
Considering damage to aircraft perhaps one of the most physically destructive properties of many deep convective clouds is hail. Although the T-28 had armor plating to allow it to fly through carefully chosen regions of hailstorms without experiencing catastrophic damage, the wing-mounted scientific instrumentation was not as well protected. It was not uncommon for wing-mounted instrumentation to return from flights damaged or dented due to hail strikes as is clearly evident on the damaged FSSP probe shown in Fig. 10 . Because of the destructive nature of hail it was routine procedure to direct the T-28 flights to try and avoid regions of thunderstorms where hail larger than 2.5 cm in diameter would be found. These regions are characterized by radar reflectivities at or above the penetration level exceeding 55 dBZ as reported in [2] . As a result of this effort aircraft and instrumentation were kept free from serious damage during most flights. However, evolution within the storm or storm movement sometimes put the aircraft into regions with higher reflectivities and larger hail. In Fig. 11 , it can be seen by the red dashed line that the probability of encountering hail with an average diameter greater than 2.5 cm in and around convective clouds was only 0.2% at any given time when an effort was made to avoid radar reflectivities greater than 55 dBZ; the probability of encountering hail over 1 cm at any given time was about 10% (blue dashed line).
Because the T-28's cloud penetrations were typically flown at altitudes of about 4-7 km MSL the plane was usually anywhere from 0.5-2 km above the 0°C isotherm. In Fig. 12 , hail spectrometer mean diameter observations are scatter plotted against the penetration altitude with respect to the 0°C isotherm. It can be seen by the 85th, 95th, and 99th percentile lines (green, yellow, and red, respectively) that encounters with larger hail were more frequent within about 1 km of the 0°C isotherm. This is because a hailstone will continue to gain mass as it falls through and accretes supercooled liquid water in the upper part of the cloud. After it falls below the 0°C isotherm it then begins to melt and starts to lose mass. It can be seen that the mean hail The green, blue, yellow, and red dashed lines correlate to the thresholds provided in Fig. 6 for a plane traveling at 175 kt. Fig. 8 Comparison of a) vertical wind to b) turbulent intensity from a storm penetration near Norman, Oklahoma with light, moderate, heavy, and extreme turbulence color-coded as described in Fig. 6 . Fig. 10 In the foreground, the forward dome of the Particle Measuring Systems, Inc., Forward-Scattering Spectrometer Probe shows accumulated dents due to hail impacts.
diameter encountered never got much larger than about 0.75 cm at 2500 m above the 0°C isotherm. Near the 0°C isotherm, where the probability of occurrence of larger hail was highest, 15% of the observed mean diameters were about 1 cm or greater, 5% were about 1.5 cm or greater, and fewer than 1% were about 2.25 cm or greater. The bottom line is that when flying in convective clouds the higher the aircraft is above the 0°C isotherm, the less likely the probability of encountering large destructive hail. But it should be noted that these hail observations (with the exception of the occasional straying into slightly higher radar reflectivity) were taken in regions of clouds where the radar reflectivity at or above flight level was less than 55 dBZ. The trend demonstrated in Fig. 12 would most likely still hold up in clouds with stronger reflectivity, but the percentile lines would undoubtedly be shifted farther to the right toward larger mean hail diameters.
VII. Lightning
Although the probability of an aircraft suffering catastrophic damage due to lightning is low compared to the probability of suffering catastrophic damage due to icing, turbulence, or hail, lightning is still a hazard and should be taken seriously. The key hazards for aircraft due to lightning include ignition of fuel vapors and damage to electronic components. An aluminum-skinned aircraft, such as the T-28, should be able to adequately conduct lightning current through its skin to discharge wicks on trailing edges without causing an explosion or damaging electronics except for perhaps highly sensitive electronics.
Some aircraft manufacturers are now also using composite materials in the aircraft manufacturing process. Certain composites, such as carbon fiber and boron-reinforced composites, conduct electricity well enough to dissipate the electrical current from a lightning strike as required by Federal Aviation Regulations and Advisory Circulars. Because nearly all commercial, military, and private (excluding certain ultralights) aircraft have skins made of aluminum or conductive composites, catastrophic events due to lightning, although not completely unheard of, are very rare [36] .
According to T-28 project reports lightning strikes to the aircraft were a fairly common occurrence, typically occurring several times per month during operations and sometimes even several times during one flight. It is estimated that on average the T-28 was struck by lightning about once every four or five flights. In most cases, the aircraft apparently triggered the discharge. Quantitative data on locations within storms where lightning was experienced are not available. The aircraft never suffered catastrophic aircraft or instrumentation failures due to these strikes. The most serious damage in terms of aircraft operations occurred once when lightning initiated on or attached to the propeller and the alcohol antiicing nozzles were disabled.
During a flight, the aircraft would typically spend anywhere from 20-40 min in lightning-active airspace. Pilots often could not distinguish between lightning that attached to the aircraft to the side or rear of the cockpit where it was not observed directly, and lightning nearby the aircraft that lit up the surrounding cloud but did not attach. The only physical evidence of a lightning strike to the aircraft was usually a very small pit on the trailing edges of the aircraft or on the propeller. In the case of the propeller (the part of the aircraft most often involved in lightning strikes) the accumulated pitting was sufficient to require repair or replacement after several years of operation. In a few instances, visible erosion of metal from the trailing edges of portions of the aircraft did occur. It should be noted that because convective clouds are the source of lightning the likelihood of damage due to lightning is significant only when flying near or through convection.
VIII. Conclusions
Data collected by the South Dakota School of Mines and Technology (SDSM&T) T-28 storm-penetrating aircraft during flights through deep summertime convective clouds during the last 13 years of its operation are analyzed for occurrences of icing, turbulence, and hail. Also observed was the smaller, but still important, threat from lightning. Approximately 25% of T-28 observation time within deep convective clouds demonstrated icing conditions of moderate or greater intensity as defined by the Federal Aviation Administration and Air Weather Service, and during about 10% of observation time the T-28 experienced severe or greater icing conditions. A specific example of how larger quantities of supercooled liquid water are often encountered within updraft cores was also presented.
The type of ice reported by pilots in convective clouds was always rime ice, though it was demonstrated that there are some instances where mixed and clear ice might have been more likely. In an updraft near the 0°C isotherm and/or where the supercooled liquid water content was very high there would be a greater chance of exceeding the Schumann-Ludlam limit, resulting in a higher probability of encountering mixed or clear ice conditions. Rime ice conditions would be more likely in most other regions of convective clouds.
T-28 turbulence observations were compared with the Aeronautical Information Manual guidelines and MacCready's turbulence intensity scale. The probability of experiencing reportable or light turbulence or greater was about 35%, and the probability of experiencing extreme turbulence was about 0.1% at any given time. A specific case comparison between convective updraft velocity and turbulence demonstrates that very strong turbulence is often encountered where the gradients of vertical wind velocity are greatest, i.e., in active convective regions on the edges of updraft cores.
It was shown that hail mean diameter larger than 2.5 cm is a rare occurrence (a probability of about 0.2% of the time incloud) when efforts are made to avoid the parts of storms where the associated radar reflectivity is greater than 55 dBZ; the probability of encountering hail mean diameter larger than 1 cm at any given time is about 10% under the same conditions. With respect to altitude, the highest probability of encountering hail mean diameter over 1 cm is demonstrated to be near the 0°C isotherm. The probability of encountering damaging hail tends to steadily decrease the higher the aircraft is above the 0°C isotherm. Significant damage to the T-28 due to lightning strikes to the aircraft was virtually nonexistent while serving as a stormpenetrating aircraft because the aircraft body is made from aluminum; lightning rods were installed to further protect the aircraft. The typical physical evidence of a lightning strike was the small pit left behind where the lightning exited the aircraft.
Overall, the T-28 observations provide a good meteorological perspective of the various hazards that may be encountered while flying through deep summertime convective clouds in the 4-7 km altitude range and where radar reflectivity is less than 55 dBZ. In situ data from within deep convective clouds are relatively sparse, and nearly all quantitative data come from T-28 observations so it is difficult to find other data with which to make adequate comparisons. An important limitation is that the T-28's altitude ceiling was about 7 km mean sea level (MSL), so there is as yet little reliable in situ observational data available at higher altitudes in summertime convective clouds. As a result of this limitation, at the time of this writing, work is already underway to outfit a Fairchild Republic A-10A with the necessary safety modifications and scientific instrumentation to allow the aircraft to make storm penetrations at altitudes as high as about 11 km.
Although the information presented in this study provides a statistical description of the hazards in deep convective clouds from 4-7 km MSL, where these hazards are most likely to be located, it should be said that not every convective cloud is going to be the same. The data came from storms occurring in Florida and from Oklahoma to North Dakota in the central high plains region. Climatologically, storm inflow is moister, cloud base levels are lower, and convective instability is greater in the more southern regions thanks to moisture availability from the Gulf of Mexico. There are instances in higher latitudes where the moisture input into updrafts is very small and, as a result, the water content within the cloud is very low, and the probability of encountering moderate or severe icing conditions might be lower than what is presented in this study. Where the moisture input is very large the probabilities of encountering moderate or severe icing conditions might be larger. On the other hand, hail encounters are more frequent in the storms with lower inflow moisture.
Turbulence will also differ with the stage of cloud development and from cloud to cloud. The turbulent intensity within a convective cloud should typically peak at the cloud's mature cumulonimbus stage (assuming the cloud makes it that far in the lifecycle) when both updrafts and downdrafts are present. Once the cloud enters the dissipating stage the updrafts get cut off and turbulent intensity is reduced in the storm's mid and upper levels.
As with icing and turbulence, hail incidence also differs from cloud to cloud. Convective clouds with lower maximum reflectivities may not contain any hail at all, or they may contain hail in small concentrations. In convective clouds that contain hail two clouds with similar maximum reflectivity may have different sizes and amounts of hail because reflectivity depends on both rain and hail size and number concentrations.
One hazard not discussed in quantitative detail was lightning. The reason for this is that quantitative data on lightning strikes involving the T-28 are not available. Pilots, when incloud, can see the cloud around them brighten when lightning occurs nearby but cannot tell if the lightning is attached to the aircraft unless it attaches to the propeller or other location directly in front of them. Postflight examination for etch pits on the structure can yield evidence only for lightning having occurred sometime during the flight. Verified lightning events occurred with frequencies ranging from once during several flights to several times during one flight.
This analysis highlights the fact that a properly designed and equipped aircraft can operate within and around deep convective clouds as long as strict guidelines are followed and proper modifications are made to the aircraft to survive the known hazards. However, most unmodified production aircraft should avoid such environments (and are strongly advised to do so in accordance with FAA regulations and advisory circulars) due to frequent exposure to the potentially hazardous levels of icing, turbulence, hail, and lightning described in this paper. Although no two deep convective clouds will ever be exactly alike the provided statistics give a general outline as to what hazards to expect when traversing these regions, how often to expect them, and where to expect some of the more extreme instances.
